The selection of experimental models with which to study the biology of development and disease requires researchers to search for components that are specifically targeted to the organism and characteristic of the disease. Some insight into conserved cell biological functions has been provided by 2D tissue cultures, including spheroid cultures grown in a 2D environment, organ-on-chip microfluidic/multi electrode array technologies and cells (cell lines, induced or modified cells) grown in fabricated 3D SFs. The latter of these three are typically referred to as 3D tissue culture models, and they can add more complex cell biological and anatomical relevance to a study[@b1][@b2][@b3][@b4]. Therefore, these are the critical platforms that are currently available for studying fundamental cellular structures and processes (e.g., synapses and behaviors, growth, differentiation or migration) in response to gene expression/interactions, external stimuli or toxicity. However, when an experimental model is designed for biological and preclinical relevance, it is necessary to noninvasively introduce and maintain the multi-faceted characteristics of a given tissue or organ system for a critical length of time. These systems therefore qualify as alternatives to animal models because cellular-level interactions are imitated in an anatomical and physiological manner as closely as possible to those observed in human biology and disease.

The biofidelic 3D model described in this paper presents a unique design and arrangement of biological, biomaterial and environmental components that can be used to nurture functional self-assembly and maintain the intrinsic functions of brain cellular systems in long term cultures. The purpose of this model is to provide an *in vivo*-like environment to investigate the behavior of brain cellular systems outside of the body while maintaining the highest possible relevance to the system's natural environment. The model consists of cells that are freshly isolated from rat brain tissue. The model not only keeps the cells alive and functional but it also demonstrates the fundamental biological/electrical/anatomical features of a developing brain at a multicellular systems level over a long period of time. Rat brain cells were chosen because of their high degree of similarity to human brain cells[@b5][@b6]. Silk biomaterial was chosen for its compatibility with and versatile uses in neurobiological studies[@b7].

We evaluated biological parameters that are common across mammalian cellular systems in E18 fetal rat cerebral cortical cells that were grown for up to 3 wks in SF, and spontaneous cortical spike peaks were recorded after 11 wks. Mitochondrial activity, cell population-specific markers, cell resting membrane potentials, action potentials, and mitochondrial transmembrane potentials (ΔΨ~m~) were monitored in three different culture systems: neurons (N), astrocytes (A), and co-cultures (NA). All three of the cellular systems grown in silk-based SFs showed long-term viability. The cells exhibited three distinct distribution patterns: some cells grouped as spherical free aggregates, others as laminar connected aggregates and some grouped as dispersed single cells. These results confirm the anatomical heterogeneity of cerebral cortex cellular systems[@b8][@b9][@b10].

Mitochondria, as the drivers of cellular metabolism, play dynamic roles in neuronal differentiation ([Supplementary Figure S1](#S1){ref-type="supplementary-material"}) and activity[@b11]. They have been shown to be altered in several normal and disease states, including diabetes[@b12], cancer[@b13] and lactating mammary glands[@b14]. Therefore, analyzing mitochondrial functions and features is a critical step toward assessing cell development, differentiation and functions. Our study describes the changes in mitochondria shape and ΔΨ~m~ that occur during differentiation in rat E18 cerebral cortical cellular systems ([Supplementary Data S2](#S1){ref-type="supplementary-material"}). Recent studies have provided extensive evidence indicating that V~mem~ is a useful tool in developmental biology and biomedical studies[@b15]. V~mem~ has been used as a physiological starting point for examining changes during the stages of cellular proliferation and differentiation[@b16] and it is required for persistent directional cell migration[@b17]. Both of these are fundamental biological processes during tissue development. Neurons in the developing mammalian brain show a Cl^−^-dependent change in their V~mem~ that gradually shifts towards depolarization. A comprehensive description of chloride ion flow-dependent mechanism involved in this V~mem~-shift was first presented by David F. Owens[@b18] and later by Ben-Ari and colleagues[@b19]. Ivm (1 μM) is a GLR-specific agonist[@b20] that is not adsorbed on silk materials. This quality ensures that the drug-cell interactions of the drug can be reliably assessed. We used Ivm (1 μM) to specifically control V~mem~ via GLR in the context of neuronal differentiation and growth ([Supplementary Figure S3](#S1){ref-type="supplementary-material"}). GLR is the most abundant chloride channel in the central nervous system. Ivm can also modulate GABA-activated Cl channels at ≤0.1 μM, modulate purinergic P2X4 receptors at 3 μM and enhance currents via the α7 neuronal nicotinic acetylcholine receptor at 30 μM. However, in contrast to its specific activity on GLR, Ivm does not display agonist activity at the other mentioned receptors[@b20].

Results
=======

E18 fetal rat cerebral cortical cells were homogenously distributed and showed different forms of proliferative capacity within the SF environment
--------------------------------------------------------------------------------------------------------------------------------------------------

E18 primary rat cerebral cortex cells grown in 3D SF demonstrated three distinct distribution patterns. Some cell groups emerged as spherical buds, some as laminar aggregates, and some were dispersed as single cells. Only the single cells are presented in this section because the other two groups are explained in the following sections. The micrographs in [Fig. 1A](#f1){ref-type="fig"} show nuclei that were stained with DAPI in single cells residing in 3D SF under different culture settings (A, N or NA) and time points (1 wk or 3 wks), with or without V~mem~ modulation (Ivm). Each presented with a different density. Cells were homogenously distributed within or along the walls of the 3D SF cultures ([Fig. 1Aa--l](#f1){ref-type="fig"}). The astrocyte cultures had a similar density regardless of the culture duration or whether Ivm treatment was applied ([Fig. 1Aa--d](#f1){ref-type="fig"}). The neuron cultures and co-cultures were the densest of all of the culture types at 1 wk and 3 wks, respectively ([Fig. 1Ag,l](#f1){ref-type="fig"}). To determine whether rat embryonic cortical cells retained their proliferative capacity in 3D SF, dual immunofluorescence staining for p53 and Ki67, common markers of cell cycle regulation and cell proliferation, respectively, was performed. The fluorescence micrographs in [Fig. 1B](#f1){ref-type="fig"} show cells labeled with p53 and Ki67 in astrocyte cultures, neuron cultures and co-cultures, both with and without Ivm treatment, at 3 wks. At 3 wks, in both the astrocyte ([Fig. 1Ba--c,j--l](#f1){ref-type="fig"}) and the neuron ([Fig. 1Bd--f,m--o](#f1){ref-type="fig"}) cultures, two separate groups of cells were positive for either p53 or Ki67, independent of whether Ivm treatment was applied. On the contrary, cells in co-cultures showed colocalization between p53 and Ki67 under the same conditions. Furthermore, in the co-cultures, largely expanded areas of individual cells revealed an overall cellular distribution instead of a nuclear distribution of p53 and Ki67 ([Fig. 1Bg--i,p--s](#f1){ref-type="fig"}).

Population-specific changes in mitochondrial activity in E18 fetal rat cerebral cortical cells cultured in SF
-------------------------------------------------------------------------------------------------------------

In addition to acting as an indicator of cell viability, mitochondrial activity has been reported to control the proliferation and differentiation of embryonic stem cells[@b21]. At 1 wk, the astrocyte and neuron cultures showed similar levels of mitochondrial activity (water soluble tetrazolium salt, WST1, absorbance at 540 nm) both with and without Ivm treatment ([Fig. 2A](#f2){ref-type="fig"}). In the astrocyte cultures, at 3 wks, this activity was reduced 5-fold in both the control and the Ivm-treated cultures. However, at 3 wks, in the neuron cultures, activity was significantly lower, by 5-fold and 1.7-fold, in the control and Ivm-treated cultures, respectively, than in the neuron cultures at 1 wk ([Fig. 2B](#f2){ref-type="fig"}). In contrast, co-cultures showed a significantly higher level of mitochondrial activity than the neuron or astrocyte cultures at both 1 wk and 3 wks, and there was no difference between the cells that were treated with Ivm and the control cells ([Fig. 2A,B](#f2){ref-type="fig"}). The differences in mitochondrial activity across the different cell culture conditions were also visible because the formazan content was the highest (having an orange-red color) in the co-cultures, as shown in [Fig. 2C](#f2){ref-type="fig"}, which shows a snapshot that was taken of a 3 wk SF culture plate.

Developmental electrophysiology of E18 fetal rat cerebral cortical cells in SF
------------------------------------------------------------------------------

Real-time measurements performed using cortical cultures after 1 wk and 3 wks revealed that the cultures displayed long-term changes in V~mem~ that were related to their evolution in the SF environment during the culture period. At a cellular level, long-term changes in V~mem~ have been implicated in cellular differentiation[@b16][@b22] (depolarization in neuronal and hyperpolarization in non-neuronal cultures), proliferation[@b23] (depolarization in tumor cells) and cancer[@b24]. Astrocyte cultures displayed an average V~mem~ of −83 mV at 1 wk ([Fig. 3A](#f3){ref-type="fig"}) and at 3 wks were hyperpolarized by −22 mV in the control cultures and −16 mV in the cells exposed to Ivm ([Fig. 3B](#f3){ref-type="fig"}). The neuron cultures showed an average V~mem~ of −72 mV under control conditions at both 1 wk and 3 wks ([Fig. 3A,B](#f3){ref-type="fig"}), whereas they displayed a hyperpolarized V~mem~ of −14 mV at 3 wks when cultured with Ivm ([Fig. 3B](#f3){ref-type="fig"}). Co-cultures had a V~mem~ of +290 mV and +317 mV at 1 wk in the control and Ivm conditions, respectively ([Fig. 3A](#f3){ref-type="fig"}), and a more depolarized V~mem~ than the neurons and astrocytes grown under the same conditions ([Fig. 3C](#f3){ref-type="fig"}). At 3 wks, co-cultures grown under both control and Ivm conditions revealed an average V~mem~ of −45 mV ([Fig. 3A](#f3){ref-type="fig"}), indicating that the cells were more hyperpolarized than they were at 1 wk ([Fig. 3C](#f3){ref-type="fig"}) and more depolarized than the neuron and astrocyte cultures at 3 wks ([Fig. 3D](#f3){ref-type="fig"}). [Figure 3E](#f3){ref-type="fig"} shows false-colored fluorescent micrographs of neurons, astrocytes and co-cultures that were stained with the V~mem~-reporter dye 4-\[2-\[6-(Dioctylamino)-2-naphthalenyl\]ethenyl\]-1-(3-sulfopropyl)-pyridinium (di-8-ANEPPS) after 1 wk. The phenotypic relevance of these electrophysiological changes is demonstrated in the following sections. Data reflecting the immediate changes observed in V~mem~ in response to the applied Ivm are shown in the [Supplementary Figure S4](#S1){ref-type="supplementary-material"}.

Tumor screening of cerebral cortical cell cultures as a step towards clinically relevant characterization
---------------------------------------------------------------------------------------------------------

*C*ultures were assessed to determine changes in ΔΨ~m~, which is a hallmark of tumor cells. Although the neuronal cultures had a significantly more hyperpolarized ΔΨ~m~ at 1 wk than all of the other cells and conditions, the overall ΔΨ~m~ of the cells was similar at 3 wks ([Fig. 4Aa,b](#f4){ref-type="fig"}). Gap junctions have been shown to elicit mitochondrial depolarization in both astrocytes and neurons grown in monolayer cultures and to provide protection against N-methyl-D-aspartate-induced cytotoxicity[@b25]. Unlike the V~mem~ (Ivm)-mediated regulation of ΔΨ~m~ via gap junctions that has been observed in 2D cell cultures, cells grown under the same conditions in 3D SF did not display changes in ΔΨ~m~ when they were exposed to Ivm. In addition, ΔΨ~m~ was not affected by the gap junctional blocker Octanol, whereas under similar conditions, treatment with Ivm resulted in significant changes in ΔΨ~m~ in 2D cultures ([Supplementary Data S2](#S1){ref-type="supplementary-material"}). This supports the notion that ΔΨ~m~ levels are regulated independent of gap junctions and V~mem~. The only exception was that at 1 wk, the ΔΨ~m~ of Ivm-treated astrocyte cultures were significantly more hyperpolarized when cultured in the presence of Octanol, which is a gap junctional blocker ([Fig. 4Aa](#f4){ref-type="fig"}). An immunocytochemical characterization was then performed to determine whether the transient ΔΨ~m~ hyperpolarization that was observed in neuron cultures ([Fig. 4Ab](#f4){ref-type="fig"}) was associated with tumor markers and whether this might enable the evaluation of neoplasm formation and its origins. Three conditions were assessed: cells were labeled with Ki67 and p53 to assess proliferation and cell cycle regulation, respectively; cells were labeled with Ngn2 in conjunction with O4 to assess their neuronal origin; and cells were labeled with vimentin in conjunction with Beta-III tubulin to assess their epithelial-mesenchymal origin[@b26]. At 1 wk, the neuron cultures formed spherically aggregated cell groups that expressed either Ki67 or p53 or spheres that were positive for either Ngn2 (postmitotic neurons) or O4 (immature oligodendrocytes). Both of these markers indicate that the cells had a neural origin ([Fig. 4B](#f4){ref-type="fig"}). At 1 wk, the neuron cultures contained single cells that expressed Beta-III-tubulin but not vimentin ([Fig. 4C](#f4){ref-type="fig"}). These data indicated that at 1 wk, the cells in the neuron cultures had an epithelial origin but were not mesenchymal.

E18 rat cerebral cortical cells form physically and phenotypically distinct aggregates after 3 wks in an SF environment
-----------------------------------------------------------------------------------------------------------------------

### Neuron cultures

E18 fetal rat cerebral cortical cells that were grown in SF displayed distinct distribution patterns when grown under different conditions. Neuron cultures showed an intense and homogenously distributed group of Beta-III tubulin-labeled cells that contained no vimentin labeling under both Ivm-treated ([Fig. 5a--c](#f5){ref-type="fig"}) and non-treated conditions ([Fig. 5Ag--i](#f5){ref-type="fig"}). In addition, neurons formed spherical buds consisting of both Beta-III tubulin- and vimentin-labeled cells under the Ivm-treated condition ([Fig. 5Ad--f](#f5){ref-type="fig"}). Neuron cultures were stained for the synaptic proteins Synaptophysin (Syp) and GLRA1 + 2 to detect the recruitment of pre and postsynaptic proteins, respectively. Treatment with Ivm resulted in a singular distribution of cells with an elongated morphology (Syp) that displayed an overall distribution with a dot-like staining pattern (GLRA1 + 2) ([Fig. 5Aj--l](#f5){ref-type="fig"}), while sphere-shaped aggregates that consisted of both Syp- and GLRA1 + 2-labeled cells were observed in the cells grown under control conditions ([Fig. 5Am--o](#f5){ref-type="fig"}).

### Astrocyte cultures

Except for the p53-labeled cell group that was described in the previous section, the cells in the primary astrocyte cultures showed a round-shaped morphology ([Fig. 5B](#f5){ref-type="fig"}, blue arrows). Cells in the primary astrocyte cultures also showed a less intense distribution pattern within SF than the densely packed B-III tubulin-producing cells observed in the neuron cultures, potentially indicating a migratory state. Cells in primary astrocyte cultures also showed co-localization between NSE and GFAP ([Fig. 5Ba--f](#f5){ref-type="fig"}) and cell groups that contained cells that produced Ngn2, GLRA1 + 2 or vimentin ([Fig. 5Bg--l](#f5){ref-type="fig"}). These data potentially indicate the presence of neuroglial stem/progenitor (NSE and GFAP), postmitotic (Ngn2), postsynaptic (GLRA1 + 2) and epithelial-mesenchymal (vimentin) features, respectively. The plasticity of the cells at this stage of brain development prevented us from concluding that any one marker was indicative of one particular cell type. We therefore assessed the different populations of rat E18 cerebral cortical cells with respect to their developmental stages in the light of the findings of previous studies. For example, vimentin has been shown to be a marker for astrocytes that are transitioning from an immature to a mature state, and vimentin is expressed before GFAP during brain development[@b27]. Vimentin expression is also characteristic of neuroepithelial cells and radial glial cells (neural stem/progenitors)[@b28], and radial glia also express GFAP. GFAP is therefore another marker of postnatal neural precursors in the developing brain[@b29]. In addition, NSE can be used to assess neuroglial progenitor cells because its expression is not unique to neural cells in the developing CNS[@b30].

### Co-cultures

Co-cultures showed singular distributed cells that expressed Beta-III tubulin or vimentin, and partial colocalization was observed between the two in the Ivm-treated cells ([Fig. 6Aa--c)](#f6){ref-type="fig"}. The control cells formed either irregularly shaped patches ([Fig. 6Ad--f](#f6){ref-type="fig"}) or spherical buds ([Fig. 6Ag--i](#f6){ref-type="fig"}), and both were labeled with Beta-III tubulin and/or vimentin in a manner similar to that observed in the Ivm-treated cells. Co-cultures also contained GLRA1 + 2- and Syp-expressing cells, singular distributed cell groups that expressed GLRA1 + 2, and spherical buds that expressed GLRA1 + 2 or Syp when grown in the presence of Ivm ([Fig. 6Ba--c](#f6){ref-type="fig"}). The control plates contained singular distributed cell groups that were labeled with both GLRA1 + 2 and Syp ([Fig. 6Bd--f](#f6){ref-type="fig"}) in addition to separate groups of GFAP- ([Fig. 6Bg,h](#f6){ref-type="fig"}) or O4-expressing cells ([Fig. 6Bi,j](#f6){ref-type="fig"}), with the latter growing along the edges of the SF pores.

V~mem~ as a physiological switch between neural stem/progenitor cell niche retention and cortical neuron network development
----------------------------------------------------------------------------------------------------------------------------

Long-term (11 wks) cultures of E18 fetal rat cerebral cortical neurons grown in SF in the presence of Ivm contained spheres that were 400 μm in diameter. These spheres consisted of Beta-III tubulin- and MAP2-labeled cells that grew in an inside-out fashion ([Fig. 7Aa--d](#f7){ref-type="fig"}) and were physically connected to the surrounding cell groups (MAP2) via 4--5 corridors of migrating cells ([Fig. 7Ad,d'](#f7){ref-type="fig"}). At 11 wks, the cortical neuron cultures grown under control conditions contained a homogenous distribution of MAP-producing cells but no Beta-III tubulin-labeled cells or spheres ([Fig. 7Ae--f](#f7){ref-type="fig"}). At 11 wks, cortical neurons grown under control conditions exhibited a more densely packed laminar assembly of MAP2-producing cells than the neurons grown in the presence of Ivm ([Fig. 7Ae,e'](#f7){ref-type="fig"}). Both the control and the Ivm-treated cortical neuron culture systems produced real-time, synchronized and spontaneous evoked electrical spikes, which were measured during EFP recordings. The EFP recordings obtained from the control culture neurons at 11wks are shown in [Fig. 7Ba,b](#f7){ref-type="fig"}. The neuronal activities of the neurons grown in 3D SF are presented as a 60-sec sweep ([Fig. 7c](#f7){ref-type="fig"}) and as a 0.1-sec sweep ([Fig. 7d](#f7){ref-type="fig"}). Spontaneous and stimulus-evoked spikes are shown in detail ([Fig. 7Be,f](#f7){ref-type="fig"}). Spikes were defined as sharp changes in the local field potential in the sub millisecond range and were counted as events when they crossed the detection threshold, which was set at a time corresponding to the average peak-to-peak amplitude of baseline noise. The baseline noise measurements of the recordings were between 0.25 and 0.3 mV. Spike frequencies ranged from ≤0.016 Hz up to 0.13 Hz, and one single measurement at 0.47 Hz was collected from the E18 rat cerebral cortical aggregates grown in 3D SF during 3 months of culture under different conditions. The amplitudes of the events displayed a continuous scale from the detection threshold (0.25--0.3 mV) to the data acquisition's max amplitude of 1 mV because of we used an amplification factor of x10,000. Cultures were maintained for up to 6 months or until they had to be discarded as a result of contamination.

Discussion
==========

The data obtained in this study suggest that long-term co-cultures grown in SF might reflect an *in vivo*-like, gradual state of development between stemness and terminal differentiation because they displayed a more depolarized V~mem~ at 3 wks than at 1 wk (neuronal differentiation[@b31]). No change was observed in mitochondrial activity (stemness retained[@b32]) or in the depolarized ΔΨ~m~, contrary to the hyperpolarized ΔΨ~m~ that is typically observed in tumor cells[@b33]. This indicated that proliferation and differentiation were ongoing processed in the co-cultures.

Unlike the direct relationship that was revealed in the 2D studies ([Supplementary Data S2](#S1){ref-type="supplementary-material"}), the changes in ΔΨ~m~ in the 3D cultures grown in SF were independent of gap junctions between embryonic cerebral cortical cells. This implies that these cells can be used as a model of developing cortex. These results are similar to results showing that these junctions disappear in the developing cortex, possibly because of the transient disappearance of the gap junction-mediated coupling of neurons or of the gap junctions themselves[@b34]. Otherwise, it is possible that an unknown regulator of ΔΨ~m~ could be responsible at that specific stage of development.

The transient depolarizations exceeding 300 mV that were observed in the 1 wk co-cultures may have simply reflected the progression of the 3D culture system. In combination with the observation that changes in resting potential were on the order of 100 mVs, these differences were significantly independent of intrinsic V~mem~ shifts, which occur on the order of 10 mVs during neural development[@b35][@b36], and of changes that occur in response to temperature differences, which are on the order of 10%[@b37].

Another result of this study might be related to a recently emergent and intriguing phenomena: the potential of a link between brain development and breast cancer[@b38]. Some cell groups in the co-cultures grown in SF exhibited colocalization between and an overall cytoplasmic/membrane distribution for p53 and Ki67. This is a phenotype that has only been reported in breast cancer cells[@b39][@b40]. Hence, it might be important to expand further studies to better understand the origin and importance of this link.

Recent research has shown that embryonic stem cells and cancer stem cells not only share common biological features but also experience similar conditions in their microenvironment, such as an acidic pH[@b41], that are different from those experienced by lineage-committed cells[@b17]. Therefore, tuning cellular biology alone may not be sufficient to rule out neoplastic tissue formation. Instead of intervening in the biology of the cell using genetic methods, a multi-faceted approach that also takes into account the extracellular (or non-cellular) parameters might provide cells with a natural environment in which they can grow and progress without invasive manipulations. The divergent mechanisms that cause neoplasm formation could be determined by studying normal tissue formation. Our data have implicated ΔΨ~m~ as a differential characteristic between stemness and tumorigenicity in cells grown *in vitro* in 2D cultures of dissociated cortical cells because the percentage of p53-positive cells decreased despite the fact that the number of proliferating (Ki67-positive) cells increased after 3 wks of treatment with Ivm ([Supplementary Data S2](#S1){ref-type="supplementary-material"} and [Supplementary Figure S5](#S1){ref-type="supplementary-material"}). Thus, ΔΨ~m~ was used as a diagnostic tool for tumor screening in the cultures grown in SF.

Self-assembled cerebral cortex cells grown in SF showed anatomical structures that are similar to those observed during *in vivo* corticogenesis at the cellular systems level. The neuron cultures showed a laminar assembly of cells (MAP2-labeled dendrites) that resembled a cortical plate and the ability to generate synchronized population spikes. They therefore presented anatomical and physiological similarities to cortical microcircuit assembly[@b42][@b43]. Neuron cultures grown in the presence of Ivm demonstrated the ability to grow corridors of migrating neurons that originated from the Beta-III tubulin/MAP2-producing neural stem/progenitor cell niche. These corridors of migrating neurons have been observed in the developing human brain during the pre- and early postnatal stages[@b44]. The bud-like morphology of this niche resembled the forebrain vesicle that is formed at the front end of the neural tube in developing mammalian embryos[@b45].

Tissue elasticity can direct stem cell lineage specification[@b46], and it has also been found to increase during adult neurogenesis[@b47]. Cultures grown in 3D SF have been engineered with specific biomechanical properties[@b7] that closely match the biomechanical properties of developing mammalian cerebral cortex tissues[@b48]. The combination of bioengineered SF, 3D cues and the specific modulation of intrinsic physiology (V~mem~) enabled the long-term retention of the neural stem/progenitor niche and a functionally and biologically relevant model of mammalian cerebral cortex development.

Given recent findings that have implicated endogenous V~mem~ in the formation of cerebral cortical assemblies and connectivity *in vitro*[@b49], in the migration of neuroblasts from the subventricular zone[@b50], and in the proliferation of cells during *Xenopus laevis* neural tissue development[@b51], the exploitation of bioelectric pathways is likely to represent an important step that will enable an increased understanding of brain development and the engineering of biologically relevant tissues. The 3D culture model presented in this paper is relevant to early human brain development at a cellular systems level. These systems can therefore serve as a robust tissue model for biological and clinical studies of early brain development at a multicellular systems level. The model also provides a basis for future studies aimed at growing *ex vivo* niches of different populations of neonatal cerebral cortical cells, and our findings may therefore serve as a biologically and biomedically relevant platform for developing novel cellular therapies.

Materials and Methods
=====================

Animal studies and preparation of rat cortical cells
----------------------------------------------------

E18 rat (*Rattus norvegicus*, Sprague-Dawley, Charles River) cerebral cortical tissues were generously provided every week by Dr. Steven Moss's laboratory at Tufts Neuroscience Center. The brain tissue isolation protocol was approved by the Tufts University Institutional Animal Care and Use Committee and complied with the NIH Guide for the Care and Use of Laboratory Animals (IACUC \# B2011--45). The isolation and dissociation of the rat cortical neurons and astrocytes and the preparation of the cell cultures were performed as previously described[@b49]. Neural media (Neurobasal + B27 Supplement) was specifically developed for enriching neurons. Previous studies have reported that astroglia comprise \<0.5% of the cell population in neuronal cultures grown in Neurobasal-B27[@b52][@b53]. The growth of other types of cells is greatly inhibited as a result of the presence of biophysical parameters that are advantageous for neurons but not for astrocytes. A complete elimination of GFAP-positive cells can be achieved using anti-mitotic agents, such as cytarabine, to inhibit astrocyte proliferation. However, this reduces neuronal cell health because these chemical agents are toxic to neural functions. Therefore, they were not included in the studies presented in this paper.

Chemicals
---------

Ivermectin was obtained from Tocris Bioscience (Cat\# 1260, Bristol, UK). Stocks of 10 mM ivermectin were dissolved in dimethyl sulfoxide and stored at −20 °C. Ivm was used at a final concentration of 1 μM. Stocks of 127 μM octanol (8-OH) were prepared by diluting 10 μl of 1-octanol (Cat\# O4500, Sigma-Aldrich) in 500 mL of distilled water. Octanol was used at a final concentration of 2.54 nM. For safety the information for Ivermectin and octanol, please refer to their product websites.

Silk Scaffold Preparation
-------------------------

A silk solution was prepared from *B. mori* cocoons as previously described[@b54]. Porous scaffolds were constructed using a salt leaching method as previously described[@b55]. Briefly, a concentrated silk fibroin solution (6% w/v in water) was impregnated at a volume-to-weight ratio of 1:2 with 500--600 μm-sized sodium chloride particles (Sigma-Aldrich, Natick, MA, USA) that were pre-sorted using test-grade metal sieves. After 48 h, the silk fibroin/salt mixture was immersed in water, and the sodium chloride was dissolved over a couple of days, during which fresh water was exchanged with the water in the solution. The remaining insoluble silk material displayed a large porous silk scaffold. The scaffold was cut into cylindered disks that were 4 mm in diameter and 2 mm in height. The scaffolds were autoclaved in distilled water and stored at 4 °C when not in use.

Ivm adsorption data were obtained during the monitoring of dynamic drug adsorption on the silk films using a quartz crystal microbalance, and these data can be found in the online [Supplementary Data S6](#S1){ref-type="supplementary-material"}.

Seeding of Cells on Silk Scaffolds
----------------------------------

The E18 fetal rat cerebral cortical cells were dissociated as previously described[@b49]. Silk scaffolds were placed in a 24-well plate, and 0.5 mL of a 0.1 mg/mL solution of poly-D-lysine (Sigma-Aldrich, Natick, MA, USA) was added. The scaffolds were allowed to soak for 30 minutes before the solution was aspirated, and they were then washed with distilled water before they were left to air dry. Astrocytes were added directly onto the coated dry scaffolds at a concentration of 1 × 10^5^ cells per scaffold in phenol-free DMEM supplemented with 1% penicillin/streptomycin, 2% GlutaMAX, and 2% FBS (Invitrogen, Carlsbad, CA, USA). Neurons were added at 3 × 10^5^ cells per scaffold to the other scaffolds in phenol-free neurobasal medium supplemented with B27, 1% penicillin/streptomycin, and 1% GlutaMAX. The cells were incubated at 37 °C, and the cell culture media were changed once per week. The same number of cells was used to co-culture the astrocytes and neurons.

High-throughput V~mem~ measurement
----------------------------------

We used ratiometric di-8-ANEPPS dye (D-3167, Invitrogen, Carlsbad, CA, USA) to measure the V~mem~ of neuron cultures (N), astrocyte cultures (A) and cocultures (NA) for 0--4 weeks after plating. The cells were washed once with Hank's Balanced Salt Solution (HBSS) prior to staining. Di-8-ANEPPS dye was diluted in HBSS to a final concentration of 2 μM and then added to the cells (100 μL/well). The cells were incubated at 37 °C for 30 min in the dark. Dye uptake was confirmed under a microscope using a red filter. The cells were washed once with HBSS to remove excess dye prior to measurement. Fluorescent intensities were measured using a top-read fluorescence multimode multiplate reader (SpectraMax M2, Molecular Devices, Sunnyvale, CA, USA). The relative V~mem~ of the cells was measured as the ratio of readings at two excitation sites of the dye (450 nm/510 nm, emission: 640 nm). The plots were generated using Excel.

*High-throughput ΔΨ* ~*m*~ *measurement and visualization*
----------------------------------------------------------

The dye 5,5′,6,6′-tetrachloro-1,1′,3,3′-tetraethylbenzimi-dazolylcarbocyanine iodide (JC1) (T3168, Invitrogen, Carlsbad, CA, USA) was used to measure the ΔΨ~m~ of neuron cultures (N), astrocyte cultures (A) and cocultures (NA) at 0--4 wks after plating. The cells were washed once with HBSS prior to staining. The JC1 dye was diluted in HBSS to a final concentration of 5 μM and then added to the cells (100 μL/well). The cells were incubated at 37 °C for 30 min in the dark. The incubation time and the final JC1 concentration used for the primary cultures of rat cortical neurons and astrocytes were chosen based on previous studies[@b56][@b57]. The cells were washed once with HBSS to remove excess dye prior to measurement. Fluorescence intensities were measured using a top-read fluorescence multimode multiplate reader (SpectraMax M2, Molecular Devices, Sunnyvale, CA, USA) and SoftMax Pro software. The relative ΔΨ~m~ of the cells was measured as the ratio of readings at two emission sites of the dye (red/green: 590 nm/529 nm, excitation: 488 nm). The plots were generated using Excel. To assess the mitochondrial shapes shown in [Supplementary Data S2](#S1){ref-type="supplementary-material"}, images were taken of the green JC1 monomers, whereas the JC1 red aggregates indicated the changes in Ψ~m.~

Immunocytochemistry
-------------------

A basic immunocytochemistry protocol was performed as previously described[@b49]. The following antibodies were used for the analysis: mouse monoclonal oligodendrocyte marker 4 (1:50, O4, Sigma-Aldrich Cat. \# O7139, RRID:AB_477662), mouse monoclonal glial fibrillary acidic protein (1:100, GFAP, Sigma-Aldrich Cat. \# G3893, RRID:AB_477010), rabbit polyclonal glycine receptor alpha 2 (1:100, GLRA 2, Abcam Cat. \# ab97628, RRID:AB_10680442) rabbit polyclonal glycine receptor alpha 1 + 2 (1:1000, GLRA1 + 2, Abcam Cat. \# ab23809, RRID:AB_2110062), rabbit polyclonal neurogenin 2 (1:100, NGN2, Abcam Cat. \# ab26190, RRID:AB_2266957), mouse monoclonal synaptophysin (1:25, Abcam Cat. \# ab8049, RRID:AB_2198854), mouse monoclonal vimentin (5 μg/mL, Abcam Cat. \# ab8069, RRID:AB_306239), rabbit polyclonal beta III-tubulin (1:1000, Abcam Cat. \# ab18207, RRID:AB_444319), anti-mouse monoclonal p53 (1:100, Abcam Cat. \# ab26, RRID:AB_303198), anti-rabbit Ki67 (1:500, Cat. \# ab15580, RRID:AB_443209), anti-mouse monoclonal MAP2 (Abcam, Cat. \# ab11267 RRID: AB_297885), anti-mouse Alexa Fluor 568 (1:100, Life Technologies Cat. \# A11004 RRID:AB_10562368), anti-rabbit Alexa Fluor 488 (1:100, Molecular Probes Cat. \# A11008 RRID:AB_143165), and 4′,6-diamidino-2-phenylindole (1 μg/mL, DAPI, Invitrogen, Carlsbad, CA, USA). Images were collected using 20X and 40X objectives on a Leica DM (Wetzlar, Germany) inverted fluorescence microscope that was equipped with a mercury lamp, an ebq 100 and a monochrome camera. The DAPI (excitation 360 ± 20 nm and emission 470 ± 20 nm), green fluorescent protein (GFP, excitation 470 ± 20 nm and emission 525 ± 25 nm) and Texas Red (excitation 560 ± 20 nm and emission 645 ± 40 nm) filter sets were used.

Mitochondrial activity assay
----------------------------

Mitochondria-based tetrazolium salt WST-1 assays were used to assess mitochondrial activity according to the manufacturer's instructions (Roche, 5015944001). Cultures were plated for 0--4 weeks and then incubated for 2 hours at 37 °C with the WST-1 assay reagent (1:10 in cell culture medium). Mitochondrial dehydrogenase activity was measured as a function of mitochondrial activity at 440 nm using a multimode multiplate reader (SpectraMax M2, Molecular Devices, Sunnyvale, CA, USA) with SoftMax Pro software.

EFP Recording
-------------

Dissociated E18 rat embryonic cortical neurons were seeded on poly-D-lysine-coated 35-mm Corning Culture Dishes or in 3D silk protein-based scaffolds. After a period of incubation (10 days to 3 months), the electrical spiking activities of the neurons grown in cultures and on 3D scaffolds were recorded extracellularly at room temperature using sharp glass microelectrodes and an NPI Bridge Amplifier (BA-03X, Tamm, Germany). The cells grown in cultures and on 3D scaffolds were immersed in extracellular solution (140 mM NaCl, 2.8 mM KCl, 2 mM CaCl~2~, 2 mM MgCl~2~, 10 mM HEPES, and 10 mM D-glucose, with pH adjusted to 7.4 using NaOH). Sharp glass microelectrodes were pulled using Sutter Borosilicate Glass (BF150-86-10) with a Sutter Micropipette Puller (P-87). The microelectrodes were filled with extracellular solution and had a resistance of 60--80 Mohm. The cell cultures and 3D scaffolds were visualized using a Wild M3C Dissecting Microscope (Switzerland). The recording electrodes were positioned close to the cultured tissues. Fast local field potential changes (spikes) were recorded using the NPI amplifier at a bandwidth of 0.3--10 kHz and then further amplified using an A-M Systems Differential AC amplifier (Model 1700) to a combined total gain of 10,000×. The signals were digitized at 10 KHz using a Molecular Devices digitizer (DigiData 1550) using a Dell OptiPlex GX620 computer with pClamp 10 software (Molecular Devices). The electrical stimulations of the cultured tissues were generated using a Grass S44 Stimulator, passed through a Grass Stimulus Isolation Unit (SIU5), and delivered using a platinum parallel bipolar electrode (FHC PBSB0875). There was a distance of 800 μm between the two tips, which were positioned near the recording electrode. Images showing the measurement setup, which consisted of scaffolds and electrodes, were captured using an AmScope microscope digital camera (MU1000-CK).

Statistical analysis
--------------------

Statistical calculations were performed using paired or unpaired Student's t tests. Significant was defined as p \< 0.05 (\*) or p \< 0.01 (\*\*). The data are presented as the mean ± SEM.
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![Single cell distribution and proliferation of E18 rat cerebral cortical cell populations grown in 3D SF for 3 wks with or without V~mem~ mediation (Ivm).\
(**A**) DAPI-stained astrocytes (a--d), neurons (e--h) and co-cultures (i--l) at 1 wk and 3 wks. Each micrograph represents one single pore within a 3D SF. Bar = 0.25 mm. N = 5 SF. (**B**) Ki67- and p53-labeled cell groups that have retained their proliferative capacity and displayed a normal cell cycle at 3 wks. Astrocytes (a--c,j--l), neurons (d--f,m--o) and co-cultures (g--i,p--s) are shown as single or merged views to demonstrate Ki67/p53 double staining. The blue arrows indicate colocalization between Ki67 and p53. N = 6 from 3 SF. Bar = 0.5 mm.](srep24953-f1){#f1}

![Mitochondrial activity in E18 rat cerebral cortical cell populations that were grown in 3D SF for 3 wks with or without V~mem~ mediation (Ivm).\
The graphics show the optical density values of WST1 at 540 nm absorbance after 1 wk (**A**) and 3 wks (**B**) in culture. (**C**) A 96-well plate containing cellularized SF shows the visual difference in cell viability and proliferation using mitochondrial activity as an indicator between different cell populations after 2 h of WST-1 degradation. For each condition, data were collected from six separate 3D cultures from 10--15 embryonic cerebral hemispheres. ^\*^P ≤ 0.05 versus the other culture types at 1 wk (paired t-test), N = 6 SF.](srep24953-f2){#f2}

![Differences in V~mem~ in E18 rat cerebral cortical cell populations that were grown in 3D SF for 3 wks with or without V~mem~ mediation (Ivm).\
V~mem~ (mV) values for the astrocyte, neuron and co-cultures at 1 wk (**A**) and 3 wks (**B**) were based on the conversion of di-8ANEPPS ratios that were measured at the same time points (**C**,**D**). (**E**) Examples of optical differentiation of the V~mem~ levels are shown using the di-8-ANEPPS stain in 3D neuron cultures (a,b), cocultures (c,d) and astrocyte cultures (e,f). For each condition, data were collected from three separate 3D cultures that originated from 5--6 embryonic cerebral hemispheres. ^\*^P ≤ 0.05 versus A and N, both the control and Ivm, and the NA control, ^\*\*^P ≤ 0.01 versus A and N, both the control and Ivm, and the NA control (paired t-test), N = 3 SF, Bar = 0.5 mm.](srep24953-f3){#f3}

![*In vitro* tumor screening of E18 rat cerebral cortical cellular systems was performed using a combined physiological and biochemical assay.\
(**A**) Fluorescence-based measurements of ΔΨ~m~ levels (as the JC1 dye ratio) were obtained from E18 rat cerebral cortical cell populations that were grown in 3D SF for 3 wks with or without V~mem~ mediation (Ivm) (a,b). An increased JC1 ratio indicated hyperpolarization (tumor feature), as was observed in the neuron cultures after 1 wk, while a decrease indicated depolarization. For each condition, data were collected from three separate 3D cultures that originated from 5--6 embryonic cerebral hemispheres. ^\*^P ≤ 0.01 (paired t-test), N = 3 SF. (**B**) Immunocytochemical detection of neoplasm formation in E18 rat cerebral cortical neurons grown in 3D SF for 1 wk with (a--i) and without (d--l) V~mem~ mediation (Ivm). The following antibodies were used: Ki67 (a,d) for proliferative capacity, p53 (b,e) for cell cycle regulation, Ngn2 (g,j) for neural differentiation and O4 (h,k) for oligodendrocyte differentiation. These markers were used to assess normal differentiation versus neoplastic differentiation. The blue arrows in a-c show that separate cell groups were labeled with Ki67 or p53 without colocalization. The blue arrows in g-I show a group of cells that was labeled with Ngn2 without colocalization with O4. Bar = 0.5 mm. N = 6 from 3 SF. (**C**) Immunocytochemical assessment of the epithelial-mesenchymal transition in E18 rat cerebral cortical neurons grown in 3D SF for 1 wk with (a--c) and without (d--f) V~mem~ mediation (Ivm). (a,d) Beta-III tubulin-labeled cells of neuroepithelial origin. (b,e) No cells were labeled with vimentin, which indicates a mesenchymal origin. Bar = 0.25 mm. N = 6 from 3 SF.](srep24953-f4){#f4}

![Physically and phenotypically distinct cell aggregates were observed in E18 rat cerebral cortical cells that were grown in homotypic cultures for 3 wks in 3D SF.\
(**A**) Immunocytochemical characterization of the epithelial-mesenchymal transition in neuron cultures grown with or without V~mem~ mediation (Ivm). The Ivm-treated neuron cultures showed cell groups that stained with Beta-III tubulin, but no cells were labeled with vimentin (a--c). Spherical buds consisted of cells that showed co-localized Beta-III tubulin/vimentin labeling (d--f). The control cultures showed some cell groups that were stained with Beta-III tubulin and a small number of cell groups that stained with vimentin (g--i). The Ivm-treated neuron cultures showed cell groups that were stained with the synaptic proteins Syp or GLRA1 + 2 (j--l). The control cultures showed spherical buds (arrows) that consisted of cells displaying Syp/GLRA1 + 2 colocalization and a few single cells that were labeled with GLRA1 + 2 or small aggregates of cells that were labeled with Syp (m--o). N = 6 from 3 SF. (**B**) Immunocytochemical characterization of cell groups in astrocyte cultures grown with or without V~mem~ mediation (Ivm). In both the Ivm and the control conditions, the astrocyte cultures showed small spherical aggregates that were approximately 50 μm in size that consisted of cells with GFAP/NSE colocalization, indicating a neuroglial origin (a--f). Bars = 0.5 mm. N = 6 from 3 SF.](srep24953-f5){#f5}

![Physically and phenotypically distinct cortical cell aggregates were observed in co-cultures of neurons and astrocytes that were grown for 3 wks in 3D SF.\
(**A**) Immunocytochemical characterization of the epithelial-mesenchymal transition in co-cultures grown with or without V~mem~ mediation (Ivm). The Ivm-treated co-cultures showed single cell groups that displayed Beta-III tubulin/vimentin colocalization (blue arrow) and separate groups of cells that were labeled with either Beta-III tubulin or vimentin (yellow arrow) (a--c). The control co-cultures showed patches (d--f) or spherical buds that were approximately 250 μm in size (g--i), and both groups consisted of cells that were labeled with Beta-III tubulin and/or vimentin. N = 6 from 3 SF. (**B**) Immunocytochemical characterization of cells expressing synaptic proteins (Syp and GLRA1 + 2), GFAP-producing astrocytes and oligodendrocytes (O4) that were grown in co-cultures with or without V~mem~ mediation (Ivm). The Ivm-treated co-cultures show densely packed cell groups that were labeled with GLRA1 + 2 (no Syp) and small spherical aggregates that were 10--40 μm in size that were labeled with GLRA1 + 2 or Syp (a--c). The control co-cultures showed densely packed cells that were labeled with GLRA1 + 2 and/or Syp and small, spherical aggregates that were labeled with only GLRA1 + 2 (no Syp) (d--f). Both the Ivm-treated and the control co-cultures showed densely packed but separate groups of cell that were labeled with either GFAP or O4. N = 6 from 3 SF. Bars = 0.25 mm.](srep24953-f6){#f6}

![A V~mem~ switch was observed between long-term neural stem/progenitor cell niche retention and functional assembly of the cortical plate.\
(**A**) Samples of E18 rat embryonic cortical tissues were grown in 3D SF for 11 wks with (a--d,d') or without V~mem~ mediation (Ivm) (e,f,f'). (a--d) Spherical buds consisting of Beta-III tubulin-expressing inner core cells and MAP2-expressing outer layer cells generated corridors of neurons that extended towards the tissue layer growing below. DAPI was used to label cell nuclei. (d') A single corridor of MAP2-labeled neurons (yellow arrows) bridging the spherical bud and the underlying tissue. (e,f) The connective cortical neurons were labeled with MAP2 but not with Beta-III tubulin in the control cultures. (e') Cortical neurons labeled with MAP2 (yellow arrows) showed a laminar organization. Bar = 0.2 mm. N = 6 from 3 SF. (**B**) EFP recordings from E18 rat embryonic cortical tissues that were grown in 3D SF for 11 wks. (a) Brightfield image showing the EFP set-up within the petri dish: a bipolar electrode and a microelectrode were placed near the SF. Bar = 1 mm. (b) A close-up view of a pore filled with a laminar layer of cells that were labeled with DAPI. Bar = 0.1 mm. (c,d) Spontaneous spikes are shown in a 60 sec sweep or an expanded 0.1 sec sweep in which a single spike (\*) was recorded from E18 rat embryonic cortical tissue grown in 3D SF for 11 wks without V~mem~ mediation. (e) A spontaneous spike is shown in a 70 ms sweep, and (f) a stimulus-evoked spike (20 mV, 5 ms) is shown that was recorded from a single group of cells. N = 3 SF.](srep24953-f7){#f7}
